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SUMMARY
The biochemistry ofvaccinia virus replication in two permissive (BSC-4o, L-929), and two non-permissive (CHO, MDBK) cell lines has been compared. While CHO and MDBK cells differentially allowed expression of the various stages in the vaccinia developmental programme, neither cell supported production of any infectious progeny virions.
Although vaccinia virus (VV) exhibits a relatively broad host range with respect to the tissue culture ceils in which it will replicate (Moss, I974) , there exists a considerable degree of variability in both the yield of infectious progeny and the relative plaquing efficiency on different cells. Thus, prior to the initiation of a series of biochemical experiments, eight cell lines and primary chick embryo fibroblasts (CEF) were surveyed for their potential utility as host cells for VV (WR strain) growth. The cell lines examined included two monkey kidney lines (BSC-4o, CVC), two hamster cell lines (CHO, BHK), mouse L-cells, a rat cell line (R-I), a bovine kidney line (MDBK) and a human cell line (HeLa). Six cell lines and CEF were apparently permissive for VV with values ranging from a yield of 2oo p.f.u./cell and 100% relative plaquing efficiency for BSC-4o cells to 2o p.f.u./cell and o.or% relative plaquing efficiency on BHK cells. Surprisingly, two cell lines (CHO, MDBK) proved to be entirely non-permissive for VV, neither supporting lytic infections nor plaquing the virus. Therefore it seemed of interest to study further the reasons for the inability of CHO and MDBK cells to replicate VV. Accordingly, the biochemistry of VV replication in the two non-permissive cell lines (CHO, MDBK) and two representative permissive cell lines (BSC-4o, L-929) was compared in the hope of elucidating the nature of the blocks in the non-productive situations.
First, the kinetics of VV development were examined more closely in each of the four cell lines. Moderate multiplicity infections were carried out as previously described (Hruby et al. ~979 a) and the production of infectious VV progeny monitored with time (Fig. ~ a) . It was obvious that in the BSC-4o and L-929 infections following a brief eclipse period, there was a continual rise in VV titre from 4 to 24 h p.i. with a final yield in the order of I5O p.f.u./ cell. By comparison, in the CHO and MDBK infections there was a rapid one-log drop in infectious VV titre with no evidence of any virus production. Although neither CHO nor MDBK cells would plaque VV, both exhibited marked virus-induced c.p.e, when infected at high multiplicity. The cells showed the typical rounding up phenomenon associated with VV infection and were unable to retain the vital dye neutral red after about 4 h.
It was not apparent from the data discussed above whether the failure of VV to replicate in CHO and MDBK cells was due to some intraceIIular deficiencies or due to faulty adsorption and penetration. To discriminate between these possibilities, the uptake of 3H-thymidine-labelled or 35S-methionine-labelled VV was assayed on all four cell lines with similar results. After 3 h at 25 °C, 25 to 33 ~o of the original VV inocula had become cellassociated. If the cells were then shifted to 37 °C, 7o to 8o % of the cell-associated VV was uncoated by 4 h p.i. as assayed by conversion of ~H-VV DNA from a DNase-resistant to o022-I317/8o/ooo0-3894 $o2.oo© I98O SGM DNase-sensitive form (Moss et al. I969) . These data implied that the uptake of VV occurred normally in the non-permissive cells. Therefore the status of various VV-specific macromolecular syntheses was ascertained.
One of the most characteristic features of a productive VV infection is the discrete phase of cytoplasmic DNA synthesis (Hruby et al. I979b) . VV-infected cell moncilayers were therefore pulsed briefly with 3H-thymidine at hourly intervals and these results are shown in Fig. I (b to e) . The permissive cells, BSC-4o and L-929 (Fig. I b, c) , displayed the typical temporal pattern of VV DNA replication with peak synthesis occurring at z to 3 h p.i. followed by a rapid shut-off. The kinetics of DNA synthesis in VV-infected MDBK cells was very similar. However, there was no evidence of virus DNA synthesis in infected CHO ceils but rather, a dramatic 9o % inhibition of isotope incorporation into host cell DNA by 6 h p.i.
Expression of the early and late classes of VV gene products was then assayed by pulsing infected cells with asS-methionine at various times post infection and resolving the virusspecific polypeptides on SDS-polyacrylamide gels (Fig. 2) . Again, both permissive cells showed the typical kinetic pattern of VV gene expression with early virus proteins being translated at I'5 h, a mixture of early and late proteins at 3 h, and predominantly late proteins at 5 and 8 h (Pennington, ]974). As expected, based on the observation ofVV DNA synthesis, early virus proteins were present in infected MDBK cells. However, early protein synthesis was not switched off at later times nor were any late virus proteins apparent. Protein synthesis in general was markedly reduced in infected CHO cells with few if any virus proteins being made, in agreement with previous work (Drillien et aI. ~978) . It should be pointed out here that since uncoating of VV DNA occurred in infected CHO cells, a reaction which requires the activity of an early virus gene product (Joklik & Becker, I964) , it is likely that at least catalytic amounts of some early virus proteins were present. It was not clear whether the failure of late gene expression in infected-MDBK cells was due to the absence of the corresponding mRNA species or due to some subsequent translational insufficiency.
From the results presented here, it appears that the two cell lines which are non-permissive for VV growth, CHO and MDBK, are non-permissive in quite different manners. M D B K cells seem to support the early stages of virus development, including early protein synthesis and DNA replication, but the later events are blocked. CHO cells support little, if any, virusspecific macromolecular synthesis and seem to be acutely sensitive to virus-induced inhibition of cellular DNA and protein synthesis. An intriguing, but difficult set of future experiments might involve VV infections of permissive-non-permissive cell hybrids to determine whether the non-permissive state is dominant or recessive, that is whether the absence of VV replication is due to the presence or absence of a cellular factor.
It is likely that further studies of VV-infected non-permissive cell systems will yield additional information concerning VV-host cell interactions. For example, as previously
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pointed out (DrilIien et al. I978) , CHO cells may provide a system particularly amenable for examining virus inhibition of host cell protein synthesis. Similarly, MDBK cells might prove useful in studying VV DNA synthesis which is uncomplicated by the expression of late virus gene products. Finally, it might be worthwhile to screen other types of tissue culture cells in order to find additional non-permissive phenotypes to aid in our understanding of the VV replication cycle.
